Abstract-Aging, Alzheimer disease, and hypertension, major determinants of cognitive dysfunction, are associated with profound alterations in the structure and function of cerebral blood vessels. These vascular alterations may impair the delivery of energy substrates and nutrients to the active brain, and impede the clearance of potentially toxic metabolic byproducts. Reactive oxygen species derived form the enzyme NADPH oxidase are key pathogenic effectors of the cerebrovascular dysregulation. The resulting alterations in the homeostasis of the cerebral microenvironment may lead to cellular dysfunction and death and to cognitive impairment. The prominent role that cerebrovascular oxidative stress plays in conditions associated with cognitive impairment suggests new therapeutic opportunities to counteract and, possibly, reverse the devastating effects of cerebrovascular dysfunction on the brain. Key Words: dementia Ⅲ VCI A ging, hypertension, and Alzheimer diseases (AD) are major determinants of cognitive impairment. Although normal aging may affect only selected aspects of cognitive function, advanced age is a powerful risk factor for the cognitive decline caused by hypertension and AD. 1 Furthermore, midlife hypertension is a risk factor for developing AD later in life. 2 Therefore, the effects of hypertension, aging, and AD on cognition are intertwined and highly interactive. The brain has no energy reserves, and its structural and functional integrity depends on a continuous and well regulated blood supply matched to its energetic needs. 3 The cerebral circulation is endowed with regulatory mechanisms that assure an adequate delivery of blood to the brain. Disruption of these mechanisms alters the balance between delivery of energy substrates and clearance of metabolic waste and leads to brain dysfunction. Recent studies have revealed that aging, hypertension, and AD trigger common signaling pathways that lead to deleterious effects on the regulation of the cerebral circulation. These findings reinforce the notion that cerebrovascular dysfunction plays a key role in the cognitive impairment associated with these conditions (Figure 1) . This article will briefly review the cerebrovascular effects of aging, hypertension, and AD, and will examine their common mechanisms and their potential role in the associated cognitive dysfunction.
A ging, hypertension, and Alzheimer diseases (AD) are major determinants of cognitive impairment. Although normal aging may affect only selected aspects of cognitive function, advanced age is a powerful risk factor for the cognitive decline caused by hypertension and AD. 1 Furthermore, midlife hypertension is a risk factor for developing AD later in life. 2 Therefore, the effects of hypertension, aging, and AD on cognition are intertwined and highly interactive. The brain has no energy reserves, and its structural and functional integrity depends on a continuous and well regulated blood supply matched to its energetic needs. 3 The cerebral circulation is endowed with regulatory mechanisms that assure an adequate delivery of blood to the brain. Disruption of these mechanisms alters the balance between delivery of energy substrates and clearance of metabolic waste and leads to brain dysfunction. Recent studies have revealed that aging, hypertension, and AD trigger common signaling pathways that lead to deleterious effects on the regulation of the cerebral circulation. These findings reinforce the notion that cerebrovascular dysfunction plays a key role in the cognitive impairment associated with these conditions ( Figure 1 ). This article will briefly review the cerebrovascular effects of aging, hypertension, and AD, and will examine their common mechanisms and their potential role in the associated cognitive dysfunction.
Major Factors Regulating the Cerebral Circulation
The cerebral circulation is equipped with control mechanisms that assure that the brain receives an adequate amount of blood at all times. Thus, if the energy demands of the brain rise because of increased neural activity, cerebral blood flow (CBF) also increases, a phenomenon termed functional hyperemia. 4 The increase in flow is thought to enhance the delivery of nutrients and the clearance of metabolic byproducts and heat produced by brain activity, but it may also influence neural activity via effects on astrocytes. 3, 5 Another control mechanism is cerebrovascular autoregulation, defined as the ability of cerebral blood vessels to maintain stable CBF despite changes in arterial pressure within a certain range. 6 Thus, changes in arterial blood pressure are coupled with corresponding changes in vascular resistance that maintain CBF nearly constant between 60 and 150 mm Hg (mean arterial pressure). Cerebral endothelial cells participate in cerebrovascular control by releasing vasoactive agents, such as the vasodilator nitric oxide or the vasoconstrictor endothelin. 7 Cerebral blood vessels are extremely sensitive to changes in respiratory gases in the circulating blood. Thus, hypoxia and hypercapnia increase CBF markedly, a response aimed at maintaining adequate cerebral oxygenation in conditions of respiratory compromise.
Aging
Cerebral blood vessels undergo profound changes with aging. In the cerebral cortex and hippocampus cerebral capillaries are reduced in number and have thickened and fibrotic basement membranes. 8 Pericytes, which replace smooth muscle cells in capillaries, undergo a degenerative process, whereas endothelial cells appear elongated and exhibit a reduced number of mitochondria. 8 White matter vessels (diameter: 100 m) of aged individuals appear more tortuous, a phenomenon not observed in gray matter vessels. 9 Aging is associated with a reduction in resting CBF and a dysfunction of the mechanisms regulating the cerebral circulation. 8, 9 The cerebrovascular relaxation induced by the endotheliumdependent vasodilator acetylcholine is impaired in older animals, and the increases in CBF induced by hypercapnia, hypoxia, or hypotension are attenuated (see 10 for references).
Recent data indicate that aging also alters the increase in CBF produced by neural activity. Thus the increase in CBF produced by stimulation of the whiskers in mice (functional hyperemia) is attenuated in an age dependent manner ( Figure  2 ). These alterations reduce cerebral perfusion, deplete cerebrovascular reserves, and increase the susceptibility of the brain to vascular insufficiency and ischemic injury. 8,11
Hypertension
Chronic hypertension is associated with profound changes in the structure of cerebral blood vessels. Hypertension promotes atherosclerosis in cerebral arteries 12 and induces lipohyalinosis, a pathological process characterized by fibrinoid necrosis of the vascular wall. 13 Lipohyalinosis affects penetrating arteries and arterioles supplying the white matter (usually Ͻ300 m in diameter), and can lead to small white matter strokes (lacunes) or brain hemorrhage. 13 Hypertension induces adaptive changes in systemic and cerebral arteries known as hypertrophic and eutrophic remodeling. In hypertrophic remodeling smooth muscle cells grow inward, encroaching into the lumen of the artery. 14 In eutrophic remodeling, smooth muscle cells undergo a rearrangement that leads to a reduction of the vessel lumen without significant changes in wall thickness. 14 Chronic hypertension also alters the function of cerebral blood vessels. Hypertension reduces resting CBF regionally, and impairs cerebrovascular reactivity. 14 Thus, functional hyperemia is attenuated in animal models of hypertension and in hypertensive patients as well. 14 Hypertension attenuates endothelium-dependent response of cerebral arteries, whereas endothelium-independent responses are spared. 14 Hypertension shifts the cerebrovascular autoregulation curve to the right, so that a higher pressure is needed to maintain adequate CBF, 14 predisposing to hypoperfusion during hypothension.
Alzheimer Disease
AD has long been recognized to be associated with structural and functional alterations of cerebral blood vessels. 9 Thus, especially in the temporal-parietal cortex, cerebral microvessels become irregular and fragmented, vascular basement membranes become thicker, and cerebral capillaries appear atrophic and reduced in number. 8 Cerebral endothelial cells are swollen and exhibit irregular nuclei, 8 whereas cerebral myocytes are hypercontractile. 15 In advanced cases, amyloid deposition occurs in cerebral vessels (amyloid angiopathy), resulting in smooth muscle cell degeneration and weakening of the vascular wall. 16 CBF and glucose utilization are reduced in the temporal-parietal cortex of patients with AD. 17 Flow-dependent vasodilatation in the brachial artery is attenuated, an effect correlated with the severity of the dementia. 18 However, the pathogenic significance of these structural and functional alterations in sporadic AD has remained elusive because it has been unclear whether the microcirculatory vasculopathy is secondary to neuronal dysfunction or to the regionally-selective neurodegeneration characteristic of the disease. Recent studies using mouse models of AD have revealed that A␤, the peptide linked to the pathological manifestations of AD, has profound effects on the regulation of cerebral blood vessels. Transgenic mice overexpressing the amyloid precursor protein (APP) have reduced CBF and attenuated cerebrovascular reactivity to functional hyperemia and endothelium-dependent vasodilators (Figure 2 ). 4 Furthermore, autoregulation is markedly impaired. 4 These cerebro- 
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Threats to the Mind: Aging, Amyloid, and Hypertension S41 vascular alterations are observed in the absence of amyloid plaques or amyloid angiopathy, and occur in young APP mice when they are still behaviorally normal. Acute application of A␤1-40 to the cerebral cortex of normal mice reproduces the cerebrovascular effects observed in APP mice, 4 linking the A␤ peptide to the mechanisms of the vascular dysfunction. These experimental observations have provided evidence that cerebrovascular dysfunction may be an early pathogenic event in AD and have been supported by clinical studies demonstrating that changes in cerebral perfusion precede the onset of the dementia in AD patients. 17 Furthermore, a growing number of epidemiological and pathological studies have emphasized the role of vascular risk factors in AD. 9 These clinical, epidemiological, and experimental observations, collectively, support the contention that cerebrovascular abnormalities play a pathogenic role in the early stages of AD. 4,9
NADPH Oxidase: A Final Common Pathway to Vascular Oxidative Stress in Aging, Hypertension, and AD
Reactive oxygen species (ROS) have long been implicated in the pathogenesis of hypertension, AD, and aging. 19 In particular, oxidative stress in cerebral blood vessels has been found to play a major role in the cerebrovascular dysfunction associated with these conditions. 4, 14 Although there are several sources of vascular ROS, 20 the enzyme NADPH oxidase has emerged as a major source of vascular oxidative stress. NADPH oxidase is a multiunit enzyme discovered in neutrophils that is also present in vascular cells, particularly in cerebral blood vessels. 21, 22 The enzyme comprises membrane bound (p22 phox and Nox) and cytoplasmic subunits (p47 phox and p67 phox ) and requires the small GTPase Rac for its activation. 21 Nox, a subunit present in 5 homologues (Nox1 through 5), is the catalytic site of the enzyme. 21 NADPH oxidase-derived superoxide has been implicated in the cerebrovascular dysfunction associated with the hypertension induced by angiotensin II (AngII), aging, and A␤. 4, 10, 14 Mice lacking Nox2 do not exhibit cerebrovascular oxidative stress and are protected from the alterations in endotheliumdependent relaxation and functional hyperemia induced by AngII, A␤, or aging. 4, 10, 14 Similarly, a peptide inhibiting the assembly of NADPH oxidase or a pharmacological inhibitor of this enzyme blocks the ROS production and cerebrovascular dysfunction induced by AngII, aging, and A␤. 4, 10, 14 In mice overexpressing APP, deletion of Nox2 improves cerebrovascular reactivity and cognitive function, implicating NAPDH oxidase-derived ROS in the mechanisms of the cerebrovascular dysfunction and cognitive deficits. 23 The specific molecular cascades leading to NADPH activation in hypertension, aging, and A␤ have not been elucidated in full, but a great deal is known about the mechanisms of NADPH oxidase activation by AngII and A␤ (Figure 3) . In vascular cells, activation of AngII AT1 receptors leads to activation of protein kinase C, which, in turn, phosphorylates p47 phox leading to the assembly of the enzyme and ROS production. 24 In microglia, A␤ leads to phosphorylation of the guanine nucleotide exchange factor Vav through interaction with the scavenger receptor CD36 and the associated tyrosine kinases Syk and Lyn. 25 The downstream target of Vav, the small GTPase Rac1, is GTP-loaded and leads to NADPH oxidase activation. 25 
How Does Cerebrovascular Dysfunction Lead to Cognitive Deficits?
Aging, AD, and hypertension are often associated with focal (lacunes) or diffuse (laukoaraiosis) white matter abnormalities, which can have a profound impact on the severity of dementia. 9 The periventricular white matter and the white matter of the basal ganglia and centrum semiovale are particularly susceptible to damage by reduced cerebral perfusion. These regions are located at the border between different arterial territories and are prone to hypoperfusion. 9, 26 Moreover, in AD, aging, and hypertension, these brain regions exhibit marked capillary loss and an increase in microvascular tortuosity, changes that increase resistance to flow and reduce tissue perfusion. 9 Therefore, subcortical white matter regions are highly vulnerable to injurious stimuli. These structural and functional cerebrovascular alterations are likely to have major impact also in brain regions primarily involved in cognition, such as the neocortex and the hippocampus. Reduced blood flow at rest and during activation may impair the delivery of energy substrates and nutrients to active brain cells, creating a mismatch between the energy supply and demand. Furthermore, the clearance of byproducts 
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Stroke March 2009 of brain activity, which is flow dependent, is also likely to be reduced. For example, A␤ is released during synaptic activity 27 and is cleared via vascular transport mechanisms involving the lipoprotein receptor. 15 Therefore, the deficit of cerebrovascular regulation in AD brains may impair the normal clearance of A␤ and facilitate accumulation in brain and blood vessels. Alterations in the blood-brain barrier (BBB), well described in aging, hypertension, and AD, will disrupt the exchange between blood and brain. 15 These BBB alterations, in concert with the disturbance in cerebral perfusion, compromise the homeostasis of the cerebral microenvironment and increase the vulnerability of the brain to injury. Finally, neuronal protein synthesis, a process essential for memory formation and synaptic plasticity, is suppressed by hypoperfusion. 28 Therefore, reduced protein synthesis may also contribute to the cognitive dysfunction by reducing the formation and consolidation of new memories and by altering synaptic plasticity.
Conclusions
The evidence presented above indicates that cerebrovascular dysfunction is a common pathological factor in hypertension, aging, and AD (Figure 4) . The cerebrovascular and BBB alterations may impair brain function by altering the homeostasis of the brain cell microenvironment and by increasing the vulnerability of susceptible regions to ischemichypoxic brain damage. The inhibition of protein synthesis induced by hypoperfusion may alter brain plasticity and memory formation. These processes act in concert to produce cognitive deficits (Figure 4) . The finding that the cerebrovascular alterations are mediated by oxidative stress raises the possibility that antioxidants could be used to counteract the deleterious effect of ROS on cerebral blood vessels. However, the failure of trials using antioxidants in cardiovascular diseases 29 suggests that more effective approaches are needed to protect the blood vessels from oxidative damage. Treatments using inhibitor of vascular isoforms of NADPH oxidase may offer a new strategy to curtail cerebrovascular oxidative stress. In addition, preventive measures to counteract risk factors for vascular diseases would be most desirable not only for cerebrovascular health, but also for prevention of AD.
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